HIV-1 Tat enhances viral transcription elongation by forming a ribonucleoprotein complex with transactivating responsive (TAR) RNA and P-TEFb, an elongation factor composed of cyclin T1 (CycT1) and Cdk9 that phosphorylates the C-terminal domain of RNA polymerase II. Previous studies have shown that Lys-28 in the activation domain (AD) of Tat is essential for HIV-1 transcription and replication and is acetylated by p300/CBP-associated factor (PCAF), but the mechanistic basis of the Lys-28 requirement is unknown. Here, we show that Lys-28 acetylation modulates the affinity and stability of HIV-1 Tat-CycT1-TAR complexes by enhancing an interaction with the CycT1 Tat-TAR recognition motif. High-affinity assembly correlates strongly with stimulation of transcription elongation in vitro and Tat activation in vivo. In marked contrast, bovine lentiviral Tat proteins have evolved a high-affinity TAR interaction that does not require PCAF-mediated acetylation of the Tat AD or CycT1 for RNA binding, whereas HIV-2 Tat has evolved an intermediate mechanism that uses a duplicated TAR element and CycT1 to enhance RNA affinity and consequently transcription activation. The coevolution of Tat acetylation, CycT1 dependence, and TAR binding affinity is seen in viral replication assays using Tat proteins that rely on CycT1 for TAR binding but are acetylation deficient, where compensatory mutations rapidly accrue in TAR to generate high-affinity, CycT1-independent complexes reminiscent of the bovine viruses. Thus, lysine acetylation can be used to modulate and evolve the strength of a viral-host RNA-protein complex, thereby tuning the levels of transcription elongation.
T
he HIV-1 Tat protein activates transcription elongation by recruiting the P-TEFb elongation factor to the transactivating responsive (TAR) stem loop formed at the 5Ј end of viral transcripts. Tat activity requires 2 domains (Fig. 1A) , an activation domain (AD) and an arginine-rich motif (ARM), which functions as a RNA binding domain (RBD) and nuclear localization signal. Within the ARM, Arg-52 is essential for specific TAR recognition (1, 2) , and this single Arg-mediated contact generates a complex of intrinsically low affinity (3) . To achieve the high affinity needed for transcription activation, Tat forms a ternary complex with TAR and cyclin T1 (CycT1) (4) . Tat uses its AD to interact with CycT1, positioning surfaces on Tat and CycT1, such as the Tat-TAR recognition motif (TRM), for proper RNA recognition (5) . RNA binding is coupled to transcription activation through the CycT1-mediated recruitment of Cdk9, the catalytic subunit of P-TEFb (6) , which phosphorylates the C-terminal domain (CTD) of RNA polymerase II (RNAP II) to facilitate the initiation to elongation transition (6, 7) . Like HIV-1 Tat, HIV-2 and simian immunodeficiency virus (SIV) use CycT1-dependent RNA-binding modes for transcription activation (8) , but, in marked contrast, bovine lentiviruses, such as bovine immunodeficiency virus (BIV) and Jembrana disease virus (JDV), have evolved CycT1-independent Tat-TAR binding modes (3) , with P-TEFb required only for CTD phosphorylation (9) .
Besides CTD phosphorylation, other posttranslational modifications can be important for transcription activation. For example, acetylation of coactivators can stabilize promoter complexes (10) (11) (12) , in part by enhancing interactions with the bromo-homology domain (Brd) of histone acetyltransferases (HATs), such as p300/CBP-associated factor (PCAF) and CBP/ p300 (13) . These Brd/acetyl-Lys interactions help recruit or enzymatically activate HATs to modify their targets, for example by acetylating the N-terminal tails of histones to stimulate chromatin remodeling (13) or modifying specific lysines of transcription factors to modulate DNA-binding affinity (12, 14) . HIV-1 Tat recruits PCAF and p300 to the integrated viral promoter (15, 16) , where PCAF acetylates Lys-28 in Tat to slightly enhance (Ϸ3-fold) the Tat-CycT1 interaction in vitro (17) , whereas p300 acetylates Lys-50 in the RBD to trigger ternary complex disassembly (16, 17) .
Here, we analyze the role of Tat acetylation in vivo and in the context of TAR binding by using Tat chimeras containing the HIV-1 Tat AD fused to different ARMs (3) . The use of chimeras often uncovers new functions of transcription factors (3, 18, 19) , and indeed, experiments with the Tat chimeras demonstrate another role for Tat acetylation in which the affinity of viral-host RNA-protein complexes is increased above a threshold needed for transcription activation. Strikingly, the related lentiviruses HIV-2, SIV, and BIV have evolved different mechanisms to achieve high-affinity RNA binding, such as duplication of TAR or generation of CycT1-independent TAR-binding modes, showing that acetylation is needed only when Tat-TAR complexes require CycT1. The results demonstrate how RNA-binding affinity can be modulated by a posttranslational modification that affects a key viral-host protein interaction and consequently the viral transcriptional program.
RNA-binding modes rather than possible effects from sequence differences between HIV-1 and BIV Tat ADs (see Fig. 6A ).
Every Lys residue in the 2 contexts was mutated individually to Arg (maintaining the charge) or Gln (neutralizing the charge), which both eliminate possible acetylation. After cotransfection of each HIV-1 Tat mutant with the corresponding HIV-1 TAR reporter, we found that mutation of Lys-28 or Lys-41 in the Tat AD severely reduced activation ( Fig. 1B and Fig. S1 ), as previously seen (4, 15, 17) . In marked contrast, Lys-41, but not Lys-28, is important in the context of the BIV Tat-TAR interaction ( Fig.  1C and Fig. S1 ), suggesting that Lys-28 is needed only for CycT1-dependent TAR binding. Interestingly, the position equivalent to Lys-28 in the BIV AD is Pro-44 (see Fig. 6A ), consistent with its nonessential role in activation through BIV TAR.
To confirm that Lys-28 is needed only for CycT1-dependent TAR binding, we used a chimera between the HIV-1 Tat AD and the JDV Tat RBD, referred to as HJTat (Fig. 1 A) . The JDV RBD shares sequence features of both HIV-1 and BIV Tat RBDs and thus is able to recognize the 2 TAR sites, adopting different conformations in the 2 contexts (3, 20) . In addition to the conformational differences, HJTat requires CycT1 for transcription activation through HIV-1 TAR, like HIV-1 Tat (Fig.  1B) , but not through BIV TAR (Fig. 1C) (3) . Moreover, the affinities and amino acid requirements of HJTat for the 2 TAR elements are very similar to the cognate HIV-1 and BIV Tat-TAR interactions (3) and thus the chimera is a good model to study transcription activation by the HIV-1 AD in CycT1-dependent and -independent RNA-binding contexts, simply by changing the RNA reporter. We infer that activation correlates with RNA-binding affinity, consistent with previous studies (3). Strikingly, K28R and K28Q mutants in HJTat sharply reduced activation through HIV-1 TAR but had no effect through BIV TAR (Fig. 1D) , identical to the results observed with HIV-1 Tat and HBTat ( Fig. 1 B and C) . The interesting divergence in the evolution of these 2 types of viral complexes prompted us to further examine the acetylation properties of Lys-28 in HJTat and possible effects on RNA-protein complex formation.
PCAF Acetylates Tat Lys-28 to Enhance Formation of Ternary Complexes. As shown for HIV-1 Tat (17), HJTat, which possesses the HIV-1 Tat AD (Fig. 1 A) , is efficiently acetylated by PCAF, whereas the K28R mutant is not ( Fig. 2A) , suggesting that Lys-28 is indeed a target for acetylation. To test the hypothesis that acetylation increases Tat affinity for CycT1 (17), we performed pull-down assays with GST-CycT1 and HJTat, the K28R mutant, or the transcriptionally inactive K41R mutant as a negative binding control (4) . HJTat and the K28R mutant, but not K41R, interact with CycT1 (Fig. 2B) . Furthermore, the interaction with wild-type HJTat, but not K28R, is stimulated Ϸ5-fold when preincubated with the catalytically-active PCAF HAT domain (Fig. 2B) . To further confirm that Lys-28 acetylation enhances the CycT1 interaction, we created a K28Q mutant expected to be a constitutive mimic of acetylation because Gln, like N-acetyl-Lys, is a neutral amino acid with an amide group that can function as a hydrogen donor or acceptor (14, 21) . Indeed, we observed an Ϸ5-fold enhanced interaction between CycT1 and the K28Q mutant, like for PCAF-treated HJTat, and no additional enhancement by PCAF (Fig. 2B) , implying that Lys-28 acetylation enhances the Tat-CycT1 interaction.
Because acetylation of Lys-28 increases the Tat-CycT1 interaction, and because Lys-28 is required for HJTat-mediated activation through HIV-1 TAR but not BIV TAR, we reasoned that the modification assists in forming ternary complexes with HIV-1 TAR, rather than modulating the Tat-TAR (Fig. 2C) or CycT1-TAR interaction directly. Indeed, gel-shift assays show that the amount of ternary complex formed with acetylated HJTat is Ϸ110-fold more than with unacetylated HJTat or the K28R mutant (Fig. 2C) , with similar results observed with HIV-1 Tat instead of HJTat (see Fig. S2 ). Interestingly, the constitutive K28Q HJTat mutant also shows an Ϸ65-fold increase in ternary complex formation, which correlates with the increased TatCycT1 protein-protein interaction (Fig. 2B) . Although the K28Q mutant enhances the assembly of the complex in vitro, it does not activate transcription through HIV-1 TAR (Fig. 1D ), suggesting that a deacetylation step may be important for cycles of Tat activity. Although other possibilities could explain this mutant phenotype, mutation of Lys-28 does not affect subcellular localization (see Fig. S3 ) or steady-state levels (Fig. S1 ).
To directly test whether the acetylation-induced ternary complex assembly correlates with an increase in transcription efficiency, we performed in vitro transcription elongation assays with an HIV-1 LTR double G-less cassette template (Fig. 2D ). This template synthesizes transcripts that contain 2 RNaseT1-resistant regions (G-less cassettes) of different sizes (22) . One is located proximal to the promoter and produces a 183-nt (short) fragment upon RNase T1 digestion that approximates the extent of transcription initiation, and the second produces a 1,960-nt (long) fragment approximating the extent of elongation. Only short transcripts are generated without Tat, whereas long transcripts are observed upon HJTat addition (Fig. 2D ). Elongation efficiency increases substantially (0.85 vs. 0.22) with acetylated HJTat, generated by adding acetyl-CoA to the extracts, and requires Lys-28 ( Fig. 2D ). To corroborate that enhancement is specific to elongation, we preincubated reactions with 5,6-dichloro-1-␤ (DRB) like in reporter assays, suggesting that a step of Lys-28 deacetylation may be part of the transcriptional cycle.
PCAF-Mediated Tat Lys-28 Acetylation Is Required in Vivo.
To examine Lys-28 acetylation in vivo and the role of PCAF, we overexpressed PCAF in Tat activation assays by cotransfecting PCAF with HJTat or the K28R mutant along with HIV-1 or BIV TAR reporters (Fig. 3) . PCAF stimulated HJTat-mediated activation of an HIV-1 TAR reporter by Ϸ2.5-fold, but not when using the equally well-expressed K28R mutant (Fig. 3A) . PCAFmediated stimulation was not observed on a BIV TAR reporter (Fig. 3A) or when using a catalytically inactive PCAF HAT domain. Similar levels of PCAF-mediated stimulation were observed with HIV-1 Tat, but not the K28R mutant, on an HIV-1 TAR reporter (Fig. S4) , further confirming that stimulation is observed only in the HIV-1 Tat-TAR context. RNAi knockdown experiments support the role of PCAF in Lys-28 acetylation and enhancement of ternary complex formation. Transfecting HeLa cells with a PCAF siRNA (Fig. 3B ), but not a scrambled siRNA, efficiently reduced PCAF expression (Fig. 3B ) and strongly decreased HJTat activation from an HIV-1 TAR but not a BIV TAR reporter (Fig. 3C) . Our results support a model in which Lys-28 acetylation stimulates Tat activation by enhancing the affinity of Tat-CycT1-HIV-1 TAR ternary complexes.
A Binding Site for Lys-28 Acetylated Tat in the Tat-TAR Recognition
Motif of CycT1. The importance of the acetylated Tat-CycT1 interaction prompted us to search for regions of CycT1 potentially involved in recognition. HATs use a conserved Asn in their Brd to hydrogen bond to the acetyl-Lys side-chain oxygen (21, 24) . Whereas CycT1 does not possess a Brd fold, we observed 2 Asn residues (at positions 250 and 257) in the TRM (Fig. 4A) , where Asn-250, but not Asn-257, is important for unacetylated Tat binding (4) . To test the requirement of Asn-257 in HJTatmediated transcription activation, we performed reporter assays with CycT1 and mutants in murine NIH 3T3 cells, which encode a CycT1 nonfunctional for Tat activation caused by a C261Y mutation, but can be complemented by expressing human CycT1 (4, 25) . In addition to the known requirements of Cys-261 and Asn-250 (4), Asn-257 is important for activity, with all CycT1 variants expressed to similar degrees (Fig. 4B) . Because Asn-257 has not been implicated in Tat or TAR binding (4), we asked whether it might be important for binding acetylated HJTat (K28Ac) by using pull-down experiments with GST-tagged CycT1 and point mutants (Fig. 4C ). As observed (4), N250A reduced binding Ϸ3-to 5-fold whether or not Lys-28 was acetylated, whereas, strikingly, N257A reduced binding only of K28Ac by Ϸ5-to 6-fold (Fig. 4C) . Furthermore, binding of K28Ac to CycT1 increased Ϸ5-fold compared with unacetylated Tat, and this increase was abolished by the N257A mutation. K28R behaves similarly to unacetylated Tat, whereas the K28Q behaves like K28Ac (Fig. 4C) . These data provide evidence that acetylation of Lys-28 in Tat may stabilize the Tat-CycT1 complex in part by interacting with Asn-257 in the CycT1 TRM, and that this interaction is critical in the context of ternary complex formation. and HJTat containing the K28R mutation was inserted (Fig. 5A) . Similar viruses constructed with HJTat replicate as well as HIV-1, and are useful for our experiments because they allow the possibility to readily evolve BIV-like binding modes (26) . As expected, the K28R mutant virus showed delayed replication kinetics but ultimately reached high levels of p24 expression 22 days postinfection (Fig. 5A) . We cloned and sequenced integrated proviral DNA fragments corresponding to the Tat coding region and HIV-1 promoter from the emergent viruses and, of 10 clones analyzed, the only changes observed were in TAR (Fig.  5B) . The RNA structure generated resembles BIV TAR (Fig.  5C) , with all of the characteristics needed to bind HJTat in a high-affinity binding mode (3, 26) . Interestingly, TAR sequences derived from viruses collected 8-15 days postinfection showed intermediate stepwise changes that suggest pathways in which the RNA structure may be ''naturally selected'' for binding (Fig.  S5) . As expected, an HJTat K28R virus preengineered with BIV TAR replicated efficiently, without the need to accrue mutations in TAR for transcription activation (Fig. S6 ).
Lentiviruses Evolved Different Dependencies on Tat Acetylation.
Given the different requirements for Lys-28 acetylation between HIV-1 and BIV, we wanted to assess the Tat binding strategies used by other lentiviruses. We aligned the Tat ADs of consensus HIV-1, simian chimpanzee (SIVcpz), African green monkey (SIVagm), macaque (SIVmac), and HIV-2, and in contrast to the bovine viruses, all primate viruses strictly conserved the Lys-28 equivalent (Fig. 6A) . We mutated the appropriate Lys to Arg in each Tat and measured transcription activation on its cognate promoter. For both HIV-1 and SIVcpz, K28R disrupts activation by Ϸ90% irrespective of the isolate (Fig. 6B and Fig.  S7 ). In SIVagm, K30R shows a somewhat more moderate Ϸ75% decrease in activity, whereas, unexpectedly, K57R in SIVmac or HIV-2 Tat shows only an Ϸ20% decrease (Fig. 6B) . Interestingly, these latter viruses use a duplicated TAR element (Fig.  6D ) that appears to increase RNA-binding affinity (8) and consequently may depend less on acetylation to assemble a high-affinity ternary complex. Given that the HIV-2 Tat K57R mutation only reduced activation slightly we tested whether the HIV-2 Tat AD is a PCAF substrate. We found that HIV-2 Tat is acetylated by PCAF in vitro but only to Ϸ15%, the level observed with HIV-1 Tat, whereas the K57R control is not acetylated (Fig.  6C) . A comparative analysis of lentiviral Tat sequences ( shows 3 different evolutionary groups (Fig. 6D) where, interestingly, members of each group have similar requirements for Tat activation. Thus, it appears that Tat activity can be tuned by altering the balance of Tat-TAR affinity, and CycT1 and Tat AD acetylation dependence for ternary complex formation (Fig. 6D) .
Discussion
We have shown that acetylation of Lys-28 in HIV-1 Tat by PCAF strengthens the assembly of Tat-TAR-CycT1 ternary complexes and thereby enhances HIV-1 transcription and replication. This acetylation requirement can be bypassed by recruiting Tat to the promoter with an inherently high-affinity protein-RNA interaction, like BIV Tat-TAR. A comparison of transcriptional programs in related lentiviruses, like HIV-1 and BIV, indicates that tight Tat complexes are assembled by a balance of protein-RNA and protein-protein interactions where each relies on individual interactions to different extents, much like bacteriophage N protein-NusA antitermination complexes (27) . Interestingly, the requirement for HIV-1 Tat Lys-28 acetylation in ternary complex assembly may allow for additional steps of transcription regulation, perhaps involving cycles of acetylation and deacetylation. Indeed, the SIRT1 deacetylase is part of a positive feedback HIV-1 transcriptional circuit that operates via the Tat RBD (28, 29) . Our data suggest that such fine-tuning control mechanisms may arise during the evolution of lentiviral transcriptional programs. Other posttranslational modifications (13), yet to be discovered, may further modulate the affinity of HIV-1 or other lentiviral Tat-TAR complexes. Lys acetylation often occurs at protein-protein interfaces and generates a neutral and hydrophobic side chain that retains intrinsic hydrogen-bonding capacity (21) . In HIV-1 Tat, acetylation of Lys-28 slightly enhances the interaction with CycT1 and may remove an unfavorable charge at the CycT1 interface and/or change its conformation to simultaneously recognize CycT1 and TAR more efficiently. Asn-257 in the TRM of CycT1 is essential for recognition of acetylated Tat and Tat-dependent activation and may directly contact N-acetyl-Lys-28. The TRM of CycT1 is rather flexible in solution (25) , but also adopts a helical structure and may become ordered or change its conformation upon interaction (30) . An Asn residue in Brd-containing proteins recognizes N-acetyl-Lys through an amide nitrogen-acetyl carbonyl group interaction (21) , and even though CycT1 does not contain a Brd fold, it may use a related recognition principle.
Interestingly, Tat provides an example in which acetylation modulates assembly of an RNA-protein complex through increased protein-protein association. Although the effect of acetylation on RNA-binding affinity is indirect, it can be compared with cases where acetylation modulates DNA-binding affinity. One well-studied example is the transcription factor p53, where its low-affinity interaction with some promoters can be enhanced by site-specific Lys acetylation (13, 14) . In other cases, acetylation of transcription factors also has been shown to trigger transcription activation by recruiting/displacing factors (10, 31) , stabilizing complexes assembled at promoters (32), or providing a catalytic switch to activate transcription (12) .
Our data show that Tat acetylation is coupled to RNA binding and has coevolved with its dependence on the CycT1 host protein interaction. It is especially interesting that the 3 branches of the lentiviral evolutionary tree show a segregation of their RNAbinding modes according to the intrinsic affinities of their Tat-TAR interactions, their use of duplicated TAR elements to enhance affinity (8, 33) , their use of Tat AD acetylation to enhance affinity, and their CycT1 dependence for RNA binding (Fig. 6D) . Primate group I, including HIV-1, has a low Tat-TAR affinity that is enhanced by CycT1 and strongly depends on Tat acetylation; primate group II, including HIV-2, has an intermediate Tat-TAR affinity with a duplicated TAR that is still CycT1-dependent but modestly enhanced by Tat acetylation; and the bovine group has a high Tat-TAR affinity that does not require CycT1 or Tat acetylation. Our virus evolution experi- ments are consistent with this coevolution model, showing that HIV-1 containing a Tat K28R mutant deficient for PCAFmediated acetylation sequentially accrues changes in TAR to evolve a CycT1-independent Tat-TAR interaction reminiscent of the bovine group (3, 26) . Such an evolutionary mechanism underscores the intimate dependence of HIV-1 transcription on the host machinery, extending to posttranslational modifications.
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Materials and Methods
Cell Culture, Transcription Reporter Assays, and RNAi. HeLa, 293T, and NIH 3T3 cells were cultured in DMEM with 10% FBS and penicillin-streptomycin. SupT1 CD4 ϩ cells were cultured in RPMI medium 1640 supplemented with 10% FBS. Cells were transfected as reported (34) . Firefly luciferase reporter activities were normalized to a constitutive CMV Renilla luciferase expressor. For RNAi knockdown, HeLa cells were plated to a density of 5 ϫ 10 5 cells per well in 6-well plates and analyzed by Western blot 72 h after transfecting PCAF siRNA (sc-36198) or scrambled siRNA (sc-37007) (Santa Cruz).
Plasmids and Mutagenesis. Tat proteins were expressed in pSV2 vectors and reporters were as described (34) . CMV-PCAF and CMV-PCAF⌬HAT were kindly provided by K.-T. Jeang (National Institutes of Health, Bethesda). CycT1 and mutants were cloned into pcDNA4/TO with a C-terminal Flag tag. Mutagenesis was carried out by using Pfu Ultra (Stratagene). See SI Text for lentiviral Tat accession numbers.
Recombinant Protein Expression and RNA Binding
Assays. An N-terminal fragment of human CycT1 (residues 1-280) was cloned into pET21d, expressed as a C-terminal His-tagged fusion at 30°C, and purified by using a Ni-NTA column. GST-CycT1 was cloned into pGEX2T, expression was induced at 30°C, and protein was purified on glutathione agarose and digested with thrombin as needed. Tat, mutants, and chimeras were cloned into pGEX2T and expressed at 30°C. GST-PCAF HAT domain (residues 493-658) was induced at 20°C overnight. Gel-shift assays were performed as described (3).
Nuclear Extract Preparation and in Vitro Transcription. Nuclear extracts were prepared as described (35) . Transcription reactions were performed by using a template with 2 G-less cassettes (22) and recombinant Tat proteins. Elongation efficiency was calculated as the molar ratio of long to short transcripts. Radioactivity incorporated into each product was quantified by densitometry and normalized for uridine content.
HAT Assays. The PCAF HAT domain was used for in vitro acetylation of GST-tagged Tat, HJTat, and mutant substrates. Reactions were performed in 20 mM Hepes (pH 7), 1 mM DTT, 2 mM sodium butyrate, 5% glycerol, and 0.5 L of [ 3 H]-acetyl-CoA (65 mCi/mmoL; ICN) for 1 h at 30°C and either run on SDS/PAGE gels and fluorographed with NAMP100 or spotted on P81 filters and quantified by scintillation counting.
Viral Replication Assays. SupT1 T cells were infected with viral stocks R7/HTARHJTat, R7/BTAR-HJTat, or K28R mutants as described (26) . Viral replication was analyzed by p24 ELISA, and emergent viruses were sequenced (34) .
Sequence Alignment and Phylogenetic Analyses. Alignments were done with ClustalW (36) , and phylogenetic trees were built by using the neighbor-joining method. Support for the trees was assessed by using 1,000 nonparametric bootstrap replicates.
